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I.  INTRODUCTION 

A  new  set  of  lunar  coordinates  has  been  derived  from  earthbased 
observations  which  consist  of  long  exposure  plates  taken  with  the  61  inch 
(155  cm)  astrometric  reflector  of  the  U.  S.  Naval  Observatory  at  Flagstaff, 
Arizona.  This  photography  covers  a  period  of  several  years  (Table  1)  so  as  to 
offer  a  selection  of  quality  and  librational  differences  necessary  to 
selenodetio  work.  Also,  the  telescopic  aperture  is  tho  largest  in  lunar 
control  studies  and  the  increased  resolution  results  in  greater  observational 
accuracy. 

A  notable  defect  among  earthbased  lunar  control  systems  is  the  lack 
of  common  points  as  a  result  of  each  investigator  independently  selecting 
features  to  be  measured.  This  has  mads  analysis,  comparisons  and  unification 
of  different  solutions  a  difficult  and  questionable  task.  To  remedy  this 
situation,  Commission  17  of  the  I.A.U.  has  compiled  a  list  of  standard  control 
features  for  all  future  investigators  to  include  in  their  work.  This  standard 
set  is  referred  to  in  this  paper  as  the  I.A.U.  list.  The  new  lunar  control 
system  contains  1156  points  and  has  a  significant  number  of  common  features 
with  oth""  major  control  systems,  the  I.A.U.  list  and  analytical 
triangul based  on  the  Apollo  Mapping  Camera  Missions  (Table  2). 

The  large  number  of  features  in  this  basic  control  network  have  a 
dual  purpose.  The  first  is  to  give  the  best  overall  coverage  of  the 
earth-side  hemisphere  including  the  determination  of  feature  coordinates  as 
far  into  the  limb  regions  as  possible.  Secondly,  the  large  number  of  points 
common  to  other  systems,  particularly  the  Apollo  Mapping  Camera  System,  will 
be  useful  in  developing  a  unified  lunar  control  network. 

Another,  feature  of  this  control  system  is  the  determination  of 
approximately  750  limb  positions.  These  are  measured  positions  along  the 
illuminated  limb  of  each  plate  which  were  reduced  simultaneously  with  the 
feature  coordinates.  The  results  are  radius  vectors  to  all  parts  of  the  lunar 
limb  areas  and  a  good  approximation  of  their  latitudes  and  longitudes.  These 
limb  positions  should  be  useful  in  determining  the  figure  of  the  moon  as  well 
as  extrapolating  control  onto  the  lunar  farside  with  Lunar  Mission 
photography. 

II.  DESCRIPTION  OF  THE  SYSTEM 

This  lunar  control  solution  is  based  upon  the  concept  that  the  three- 
dimensional  coordinates  of  a  feature  are  Implied  from  its  change  in  position 
as  the  moon  exhibits  librations.  The  observation  data  consists  of  sets  of 
measured  plate  coordinates  from  photographs  taken  in  different  parts  of  the 
librational  cycle.  As  such,  they  reflect  a  two-dimensional  projection  of  the 
three-dimensional  moon  as  seen  from  different  perspective  viewpoints. 
Detection  of  the  differential  effects  caused  by  the  unique  position  of  each 
feature  (latitude,  longitude  and  radius  vsotor)  is  dependent  upon  the  angular 
separation  of  views  caused  by  librational  differences. 
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Table  2 


Number  of  Control  Features  Common  to  Other  Systems 


Kiev  (Gavrilov) 

276 

common 

features 

Manchester  (Mills) 

305 

m 

« 

Schrutka  I 

113 

N 

« 

I.A.U.  List 

199 

* 

H 

Apollo 

300 

n 

m 

Libration  in  latitude  is  the  result  of  the  inclination  of  the  moon's 
equator  to  its  orbital  plane  and  has  a  fairly  consistent  maximum  value  of 
about  6.7  degrees.  The  libration  in  longitude  is  more  compiex  and  basically 
the  result  of  a  constant  lunar  rotation  rate  in  contrast  to  a  variable  orbital 
velocity.  Another  contributing  factor  is  the  location  of  the  earth  near  one 
foci  rather  than  at  the  center  of  the  lunar  orbit.  Due  to  certain 
perturbations  (evection  and  variation),  the  maximum  libration  in  longitude 
varies  between  five  and  eight  degrees.  Thus,  two  observations  taken  from 
opposite  quadrants  at  instances  of  maximum  libration  in  latitude  and  longitude 
could  result  in  an  angular  separation  of  20  degrees.  However,  this  is  not  a 
common  occurrence  and  it  is  more  practical  to  expect  librational  differences 
of  about  15  degrees  or  less. 

In  the  development  of  a  fundamental  lunar  control  system,  there  is  a 
problem  with  the  variation  in  the  librations  in  longitude.  Maximum  librations 
occur  when  the  moon  is  near  first  and  last  quarter  while  minimum  values  are 
associated  with  new  and  full  phase.  Since  a  fundamental  system  cannot  be 
derived  from  quarter  or  slightly  gibbous  photography,  the  maximum  librations 
in  longitude  (seven  to  eight  degrees)  cannot  be  utilized.  The  observations  in 
this  control  system  consist  of  full  and  near  full  phase  photography  and  are 
limited  to  maximum  longitudinal  librations  of  five  to  six  degrees. 

The  major  influence  of  the  geometry  or  angular  separation  of 
different  observations  is  to  effect  the  magnitude  of  error  in  the  earthward 
coordinate.  This  is  the  largest  coordinate  error  and  its  value  increases  as 
the  angular  separation  decreases.  While  the  use  of  near  full  phase 
photography  cannot  make  use  of  maximum  librations,  it  compensates  by  providing 
a  homogeneous  set  of  observations. 

This  reduction  was  done  by  the  stereographic  method  using  the 
perspective  ray  technique.  Each  observation  is  considered  a  conical 
projection  of  rays  from  the  observer's  position  through  the  control  features 
and  intersecting  a  plane  which  passes  through  the  origin  of  the  lunar  control 
system  perpendicular  to  the  observer's  line  of  sight.  The  perspective  rays 
from  two  or  more  differently  librated  observations  will  intersect  at  the 
feature's  surface  position  provided  no  errors  are  present.  In  practice,  the 
errors  are  minimized  as  much  as  possible  and  the  point  which  is  closest  to  the 
maximum  convergence  of  the  perspective  rays  is  considered  the  most  probable 
position. 

Coordinates  in  this  control  system  are  referred  to  an  origin  at  the 
center  of  figure  and  not  the  more  desirable  center  of  mass.  Plate  constants 
(rotation,  translation  and  scale)  were  determined  by  a  least  squares  fit 
between  the  measurements  and  previously  established  coordinates  of  60  control 
features.  These  features  were  accepted  as  fundamental  points  for  the  purpose 
of  establishing  the  parameters  of  the  new  lunar  control  system.  Since  their 
positional  values  were  taken  from  the  ACIC  Lunar  Control  System  1965  (Meyer  & 
Ruffin,  1965)  which  was  related  to  the  center  of  figure  origin  as  determined 
by  heliorceter  measurements  of  the  crater  Mosting  A,  the  new  control  system  is 
also  referred  to  a  center  of  figure  origin. 


There  are  two  errors  associated  with  the  development  of  plate 
constants.  The  first  is  relating  the  various  observations  to  slightly 
different  origins  and  coordinate  axes.  This  effect  has  been  minimized  by 
using  the  same  large  sample  (60  control  features)  of  well  dispersed  points  for 
all  observations.  The  second  error  occurs  because  the  moon  librates  about  the 
center  of  mass  rather  than  the  center  of  figure.  For  each  librated 
observation,  the  positional  values  are  rotated  about  a  false  center  before  a 
mathematical  comparison  is  made  with  the  proper  array  as  depicted  by  the 
photograph.  There  are  slight  differential  errors  present  whose  magnitude 
depends  upon  the  size  of  the  displacement  between  the  center  of  mass  and  the 
center  of  figure  being  used  as  the  origin. 

The  coordinates  of  the  60  control  points  (Table  3)  used  to  determine 
plate  constants  have  been  related  to  a  new  origin  as  a  result  of  an  improved 
determination  of  the  coordinates  of  Mosting  A  (Koziel,  1967).  The  major 
change  in  the  center  of  figure  origin  was  a  translation  of  over  a  kilometer  in 
the  earthward  direction.  Some  studies  have  indicated  that  this  is  the 
direction  of  the  moon*s  center  of  mass  with  respect  to  the  center  of  figure. 
Hence  the  translation  should  result  in  improved  coordinates.  This  has  been 
confirmed  by  the  RMS  values  derived  from  developing  the  plate  constants  for 
various  librated  observations.  In  every  case  tested,  these  values 
diminished.  This  strongly  indicates  that  the  translation  to  the  new  origin 
has  removed  some  of  the  differential  errors  in  the  coordinates. 

Another  improvement  in  this  new  control  system  concerns  the 
librations.  Those  previously  described  are  called  optical  librations  and  must 
be  amended  by  two  other  factors.  One  is  a  small  correction  caused  by  the 
observatory's  surface  position  at  the  time  of  observation  (topocentric 
librations).  The  other  is  an  actual  physical  libration  or  rotation  caused  by 
the  earth's  gravitational  attraction.  In  the  past,  these  physical  libration 
values  have  been  estimated  from  theory  since  they  were  too  small  to  be 
observed  or  measured  using  earthbased  telescopic  observations.  However,  the 
physical  librations  which  have  been  incorporated  into  this  work  are  based  on 
the  more  accurate  results  obtained  from  a  recent  analysis  of  lunar  laser 
ranging  data  (Williams,  1977). 

III.  OBSERVATIONS 

Measurements  were  made  on  long  exposure  plates  taken  at  or  near  full 
moon  phase  with  the  61  inch  (155  cm)  astrometric  reflector  of  the  O.S.  Naval 
Observatory  at  Flagstaff,  Arizona.  The  selection  of  photography  was  from  two 
separate  efforts  covering  different  time  periods.  The  first  series  began  in 
August  1964  and  was  terminated  in  November  1967.  A  recent  series  in  support 
of  the  present  work  began  in  June  1974  and  is  still  in  progress.  All 
pertinent  data  concerning  the  selected  plates  are  listed  in  Table  1. 

Due  to  the  nature  of  the  lunar  libration  cycle,  *t  requires  about 
four  years  to  obtain  near  maximum  librations  in  all  quadrants.  This  requires 
a  coincidence  of  several  events  which  have  a  tendency  to  expand  the 
acquisition  time.  On  an  average,  there  are  eight  to  ten  nights  a  year  when 
the  moon  is  near  maximum  libration  at  the  desired  phase  which  must  also  be 
accompanied  by  clear  skies  and  good  seeing.  These  events  carnot  be  expected 
to  occur  on  a  regular  basis,  thus  extending  the  time  period  necessary  to 
obtain  an  optimum  array  of  librations. 
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Table  3 


Primary  Lunar  Control  Features 


No. 

Name 

Latitude 

Longitude 

Radius 

Vector 

1 

Reiner  A 

5?151 

-51?450 

1735.90  km 

2 

Herodotus  A 

21.537 

-52.S95 

1735.54 

3 

Brayley  D 

20.031 

-32.821 

1737.14 

4 

Draper  C 

17.074 

-21.474 

1736.79 

5 

Hortensius  C 

5.941 

-26.686 

1737.61 

6 

Lansberg  A 

.190 

-31.100 

1737.13 

7 

Gambart  G 

1.961 

-12.020 

1737.24 

8 

Mosting  A 

-3.182 

-5.166 

1738.48 

9 

Bruce 

1.183 

.356 

1738.12 

10 

Manilius  D 

13.244 

7.001 

1737.86 

11 

Aratus 

23.605 

4.533 

1738.40 

12 

Eratosthenes  B 

18.705 

-8.672 

1737.07 

13 

Timocharis  F 

31.291 

-14.755 

1736.47 

14 

Carlini  A 

35.358 

-26.592 

1735.98 

15 

Mairan  E 

37.807 

-37.193 

1735.83 

16 

Sharp  A 

47.624 

-42.639 

1736.11 

17 

Maupertuis  L 

51.342 

-29.224 

1736.22 

18 

Plato  G 

52.153 

-6.253 

1736.97 

19 

Piton  B 

39.364 

-.140 

1735.58 

20 

Egede  A 

51.575 

10.523 

1735.73 

21 

Baily  K 

51.509 

30.549 

1735.41 

22 

Plana  D 

4^.765 

26.179 

1737.19 

23 

Cepheus  A 

41.062 

46.531 

1736.53 

24 

Posidonius  A 

31.698 

29.513 

1735.98 

25 

Linne  B 

30.546 

14.183 

1735.45 

26 

Bessel  A 

24.770 

21.015 

1735.10 

27 

Silberschlag  A 

6.950 

13.221 

1737.89 

28 

Horrocks  M 

-4.040 

7.628 

1738.45 

29 

Abulfeda  Q 

-12.823 

12.238 

1738.32 

30 

Argelander  D 

-17.608 

4.463 

1737.99 
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Table  3  (Cont'd) 


Primary  Lunar  Control  Features 


h 


Vi  ", 

a  .  * 


Radius 


No. 

Name 

Latitude 

Longitude 

Vector 

31 

Alpetragius  H 

-17?982 

-6?068 

1736.24  km 

32 

Ope It  K 

-13.580 

-17.049 

1737.12 

33 

Euclides  D 

-9.374 

-25.757 

1736.91 

34 

Wichmann  B 

-7.115 

-39.146 

1736.88 

35 

Flamsteed  D 

-3.168 

-44.846 

1736.95 

36 

Damoiseau  E 

-5.203 

-58.341 

1736.06 

37 

Zupus  A 

-17.206 

-53.478 

1737.34 

38 

De  Gasparis  B 

-27.021 

-52.552 

1737.86 

39 

Doppelmayer  T 

-24.494 

-41.124 

1735.99 

49 

Ramsden  A 

-33.453 

-31.360 

1737.57 

41 

Lehmann  H 

-40.979 

-58.632 

1737.79 

42 

Schiller  A 

-47.128 

-37.548 

1737.34 

43 

Longomontanus  R 

-52.375 

-26.225 

1737.53 

44 

Lippershey  T 

-25.255 

-11.096 

1736.57 

45 

Aliacensis  D 

-33.131 

6.864 

1737.94 

46 

Cuvier  C 

-49.967 

11.772 

1737.39 

47 

Nicolai  A 

-42.439 

23.620 

1737.32 

48 

Janssen  K 

-46.159 

42.308 

1735.12 

49 

Rheita  P 

-37.924 

44.466 

1737.99 

50 

Cook  B 

-17.297 

51.705 

1736.49 

51 

Messier  A 

-1.995 

46.976 

1735.52 

52 

Picard  X 

13.143 

61.770 

1733.17 

53 

Tralles  B 

27.275 

50.675 

1736.89 

54 

Maraldi  B 

14.364 

36.796 

1736.41 

55 

Maskelyne  H 

4.915 

32.276 

1736.86 

56 

Moltke 

-.568 

23.184 

1736.40 

57 

White  Spot-Daguerre 

-11.753 

33.127 

1735.04 

58 

Beaumont  G 

-20.349 

27.165 

1737.64 

59 

Sacrobosco  C 

-22.962 

15.843 

1737.40 

60 

Rothmann  K 

-28.822 

24.364 

1738.88 

7 


WpsgMg p 


1  I 


Uncertainties  in  the  observations  can  be  placed  in  two  categories. 
One  i3  in  the  measurement  of  the  features.  This  includes  the  difference  in 
interpretation  of  the  feature  on  plates  of  different  libration,  phase  and 
resolution,  as  well  as  the  error  in  measurement.  It  may  also  include  some 
physical  parameters  such  as  the  symmetry  of  the  feature  and  the  contrast  with 
its  surroundings.  The  other  category  is  the  recording  of  the  lunar  image. 
This  includes  the  atmospheric,  optical  and  photographic  effects  which  disturb 
the  true  positioning  of  the  feature's  image.  Most  uncertainties  can  be 
effectively  reduced  by  established  procedures,  calibration  and  careful 
measurement.  However,  one  source  of  positional  error  that  is  difficult  to 
control  or  remove  is  the  atmospheric  distortion  of  images  in  the  focal  plane 
of  the  telescope.  Light  rays  passing  through  the  various  and  changing  layers 
of  the  earth's  atmosphere  have  different  refractive  histories  when  they  reach 
the  telescope.  This  results  in  image  motion  and  blurring.  A  short  exposure 
lunar  photograph  records  the  moving  image  in  some  part  of  its  random  cycle 
which  may  produce  geometric  distortions  of  considerable  magnitude.  It  has 
been  shown  that  these  distortions  are  larger  than  the  differential 
displacements  that  must  be  observed  to  derive  accurate  positions 
(Meyer,  1967). 

The  long  exposure  photographs  used  in  this  work  serve  two  useful 
purposes.  First,  and  most  important,  they  allow  the  image  motion  to  be 
averaged  photographically  on  the  plate.  Bright  craters  used  aB  control  points 
are  surrounded  by  a  light  area  which  is  the  result  of  image  motion  during 
exposure.  The  center  of  this  image  is  a  more  accurate  position  than  can  be 
obtained  from  short  exposures.  Secondly,  the  long  exposure  allows  very  small 
or  faint  features  to  register  a  measurable  image.  This  is  important  in 
relating  the  small  scale  (1:25,000,000)  earthbased  images  to  identical 
features  on  the  larger  scale  (1:1,500,000)  Apollo  mapping  photography. 

Another  observational  factor  often  ignored  in  theoretical 
dissertations  on  lunar  control  is  the  actual  resolving  power  of  the  telescopes 
used  for  selenodetic  work.  The  theoretical  limit  of  the  61  inch  (155  cm) 
astrometric  is  about  0.08  second  which  is  considerably  smaller  than  the 
resolution  of  other  instruments  used  for  lunar  control.  However,  the 
atmosphere  will  not  allow  telescopes  to  achieve  their  theoretical  resolution 
or  larger  telescopes  to  obtain  the  full  advantage  over  smaller  telescopes  as 
indicated  by  theoretical  resolutions.  Stellar  images  which  should  be  mere 
points  of  light  as  a  result  of  their  great  distances  are  normally  observed  in 
the  focal  plane  as  discs  of  two  to  four  seconds  of  arc  during  good  to  average 
seeing.  The  resolution  limit  imposed  by  the  atmosphere  is  about  0.2  second  of 
arc  and  this  is  primarily  for  visual  observations.  The  eye  can  capture  brief 
moments  of  extreme  atmospheric  steadiness  which  cannot  be  anticipated  for 
photography • 

Larger  apertures  do  maintain  a  resolution  capability  greater  than 
smaller  telescopes  though  not  in  the  amounts  indicated  by  theoretical 
limits.  This  is  demonstrated  by  excellent  lunar  photography  taken  witn  large 
reflectors,  particularly  the  120  inch  (305  cm)  reflector  at  the  Lick 
Observatory  in  California.  The  same  is  evident  in  an  analysis  of  common 
features  between  the  photography  of  the  61  inch  (155  cm)  reflector  and  the 
Apollo  Mapping  Camera  System.  Many  of  these  features  are  craters  about  one  to 
two  kilometers  in  diameter  which  represent  a  resolution  of  one  second  of  arc 
or  less.  This  offers  an  opportunity  for  a  more  accurate  set  of  measured  plate 
coordinates  than  in  previous  lunar  control  solutions. 
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Measurements  were  made  on  a  Mann  linear  comparator  having  orthogonal  | 
lead  screws  for  measuring  the  rectangular  coordinates  in  one  micrometer  f 
increments.  These  coordinates  were  automatically  recorded  on  punched  cards 
with  the  digitizer  giving  a  visual  display  of  these  values.  The  comparator  | 
has  a  plate  holder  which  permits  angular  rotations  within  the  precision  of  a 
20  second  vernier  and  a  gridded  calibration  plate  for  quality  control.  J 

The  first:  step  in  the  measuring  program  was  to  orient  each  plate  so  J 
that  the  Y  axis  of  the  comparator  closely  coincided  with  the  direction  of  the  | 

atmospheric  refraction  correction.  In  this  manner,  the  effect  of  mean  1 

atmospheric  refraction  appears  in  only  one  comparator  coordinate  simplifying  1 

the  correction  process.  Also,  the  transformation  of  measurements  to  lunar  I 

coordinates  {Part  IV  -  REDUCTIONS)  was  second  order  and  affine  which  allowed 
the  X  and  Y  scales  to  vary  by  small  amounts.  This  tends  to  minimize  the 
effect  of  differences  between  the  mean  and  actual  refraction.  j 

1 

The  plate  was  also  positioned  so  that  the  selenocentric  coordinates  § 

of  the  observatory  coincided  with  the  center  of  rotation  of  the  comparator  1 

stage.  The  plate  holder  was  then  rotated  until  a  preselected  feature,  the  J 

crater  Egede  A,  lies  on  the  Y  axis.  The  plate  was  then  rotated  so  that  the  Y 
axis  corresponded  to  the  arc  from  the  observer’s  zenith  through  the  moon's  | 

center  (Figure  1).  This  rotation  was  determined  as  follows t  I 

s 

0  =  Plate  rotation  angle  from  the  crater  Egede  A. 

1 

Q  =  Parallatic  angle  .n  the  plane  of  libration  between  the  | 

direction  of  the  observer's  zenith  and  the  celestial  | 

north  pole.  f 

1 

CQ  =  The  position  angle  of  the  lunar  north  pole  relative  to  I 

the  celestial  north  pole.  J 

Xp,Yp  =  Perspective  coordinates  of  the  crater  Egede  A  in  the 

libra ted  plane.  ? 

"Jj 

0,  Q  and  CQ  angles  are  positive  in  the  counter-clockwise  direction.  0  is 

computed  using  the  equation,  I 

w 

0  =  Q  -  C  +  tan-1  (X  /Y  )  (1)  S 

o  p  p  jj 

The  values  of  Q  and  CQ  were  derived  from  the  topocentric  corrections  of  the  | 

lunar  librations  (8)  and  the  perspective  coordinates  are  defined  by  (10).  1 


<4  After  the  plate  had  been  oriented,  the  1156  control  features  were  | 

J  measured  along  with  the  limb  positions.  In  the  near  full  phase,  the  limb  was  j 

•i’~  illuminated  by  more  or  less  tangential  sunlight.  The  long  exposure  allowed  1 

the  limb  areas  to  be  adequately  defined  for  measurement.  To  remove  the  §j 

\z-  1  measuring  bias  of  the  operator,  the  plate  holder  was  rotated  180  degrees  and  § 

1 the  control  features  remeasured.  A  least  square  transformation  was  performed  |j 


9 


33 


Moon ' s 
Center  of 
Figure 


Figure  1.  Plate  Rotation 
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to  convert  the  reversed  plate  measurements  to  the  first  set  and  the  actual 
plate  measurements  are  an  average  of  these  values. 

The  following  equations  are  used: 


X1,Y1  =  Standard  set  readings 

X2,Y2  =  Reversed  set  readings  to  be  transformed 


then 


X 


1 

1 


y 


i 

i 


x 


1 

2 


i 


Y 


1 

2 


X3'Y3 


XM'YM 

0 


CX'CY 


N 


dX'dY 


Standard  set  centroid  values 

Centroid  values  to  be  transformed 

Transformed  plate  readings 

Averaged  plate  readings 

Rotation  angle 

Translation  factors 

Number  of  craters  measured  =  1156 

Residual  errors  of  transformation 


Xi  =  AX2  -  by2  +  cx 
Y1  =  AY2  +  BX2  +  CY 


A  =  cos  9  = 


I<x2xj)  +  Icy’y]) 


([£ *  £<y2YM2+  [2,xM>  -  ) 


1/2 


B  =  sin  9 


(C 


«xM» 


+ 


I(X2y])  +  X(xJyJ) 


•1 


-  A  l  X2  +  B  l  Y2  +  l 


-  A  l  Y2  -  B  l  X2  +  l  Y1 


(2) 
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and 


2  2 
Scale  =  (A  +  B  ) 


X1  =  X3  +  dX 


Y1  =  Y3  +  dY 


1/2 


=  1 


For  each  plate  transformation,  the  program  rejects  aay  point  with  large  dj^  or 
d  residuals.  This  is  to  prevent  feature  misidentif ication  or  measuring 
blunders  between  the  zero  degree  and  the  180  degree  plate  orientations.  A 
standard  error  (S.E.)  was  determined  for  each  set  of  plate  measurements  and 
the  average  for  all  plates  was  10  micrometers.  Differences  between  this 
average  and  the  individual  plate  errors  were  less  than  2  micrometers. 
Therefore,  all  plate  measurements  were  weighted  uniformly  in  the  reductions. 
The  standard  error  was  determined  using  the  following  equation* 


S.E.  =1 


K  -  K 

2N  -  1 


(3) 


The  actual  plate  measurements  (X„,  YM)  are  the  mean  of  the  standard  set 
(X.j,  Y.j)  and  the  transformed  set  (X3,  Y3).  The  next  step  was  to  correct  the 
Yh  values  for  atmospheric  refraction  since  the  plate  was  oriented  so  that  the 
corrections  were  applied  only  to  these  coordinates.  This  correction  was 
considered  to  be  linear  as  the  moon  subtends  an  arc  of  only  half  a  degree  when 
viewed  from  the  earth.  The  following  notations  were  used: 


Z 

M 

S 

Yu 

«u 

R, 


Xo'Yo 


=  Geocentric  zenith  distance 
=  Index  of  refraction  at  observatory  (mean) 
=  Semidiameter  of  the  moon  (seconds  of  arc) 
=  Y  coordinate  of  upper  limb  (measured) 

=  Refraction  of  upper  limb 
=  Refraction  of  lower  limb 
=  Refraction  difference  between  limbs 
=  Corrected  plate  coordinates 


then 


ff 

(■ 


*u 

R1 

Rj 


206265  (M-1)  tan  (Z-S) 
206265  (M-1)  tan  (Z+S) 


R1  -  Ru 


(4) 
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Tha  value  for  Z  is  derived  in  the  libration  computation  (Part  IV  -  REDUCTIONS) 
and  S  is  interpolated  from  the  American  Ephemeris  and  Nautical  Almanac  using 
second  differences.  R^  gives  the  refraction  difference  in  seconds  of  arc. 
Treating  this  difference  as  being  distributed  linearly  from  the  lower  to  the 
upper  limb,  the  ratio  R^/2S  can  be  used  to  compute  corrected  plate  coordinates 
as  follows: 

Yo  =  YM  +  (Rd/2S)  (Yu  "  V  (5) 

All  the  Ym  measures  are  corrected  in  this  manner  where  the  upper  limb  is  taken 
as  the  reference  to  which  all  values  are  adjusted.  Since  refraction  in  the 
horizontal  direction  is  considered  negligible,  XQ  =  XM« 

The  work  on  observations  was  completed  when  all  of  the  differently 
librated  plates  had  been  processed  through  the  above  operations.  This 
minimized  the  measuring  bias,  seeing  displacements  caused  by  the  atmosphere 
and  the  differential  effects  of  atmospheric  refraction.  Although  some  errors 
remain,  they  are  reduced  by  reduction  procedures  and  the  over-determination  of 
feature  coordinates.  The  plate  coordinates  (XQ,  Y  )  thus  represents  a  conical 
projection  of  the  surface  features  on  the  photo  plane  and  are  ready  to  be  used 
for  lunar  coordinate  determination. 

IV.  REDUCTIONS 

The  first  step  in  the  reduction  procedure  was  to  relate  the  measured 
plate  coordinates  (XQ,  Yq)  to  a  lunar  reference  system.  That  is,  a  three- 
dimensional  rectangular  coordinate  system  with  the  origin  at  the  moon's 
apparent  center  of  figure  and  a  scale  representing  the  true  lunar 
dimensions.  In  this  system,  the  Y  axis  corresponds  to  the  lunar  axis  of 
rotation;  the  Z  axis  points  earthward  from  the  origin  through  the  point  of 
zero  degrees  latitude  and  longitude;  and  the  X  axis  lies  in  the  east-west 
direction  perpendicular  to  the  Y  and  Z  axes.  Since  the  origin  is  not  at  the 
center  of  mass,  systematic  differences  exist  between  this  type  of  lunar 
reference  system  and  a  mass  centered  system. 

The  purpose  of  the  reduction  is  to  develop  a  relatively  consistent 
control  network  that  can  later  be  transformed  to  a  mass  centered  system  when 
the  appropriate  parameters  have  been  determined.  Consistency  is  accomplished 
by  deriving  the  plate  constants  for  each  plate  by  a  transformation  to  60 
feature  coordinates  (Table  3).  A  few  of  these  preliminary  coordinates  were 
amended  as  a  result  of  systematic  differences  with  the  measured  values.  This 
resulted  in  a  more  relatively  consistent  set  of  preliminary  coordinates  but 
not  necessarily  an  adjustment  to  better  absolute  values. 

For  each  plate,  the  60  control  points  were  rotated  about  the 
coordinate  axes  to  correspond  to  the  observatory's  perspective  or  topocentric 
librations.  Then  a  perspective  displacement  was  computed  for  each  of  the  60 
feature  coordinates  based  on  its  librated  position.  The  result  was  a  conical 
projection  of  these  features  onto  a  plane  through  the  origin  that  is 
perpendicular  to  the  observer's  line  of  sight.  These  perspective  coordinates 
represent  a  similar  array  to  the  plate  coordinates  (XQ,  Y  )  within  the 
limitations  of  the  distortions  and  measuring  errors  present. 
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The  first  operation  was  the  determination  of  the  optical  and  physical 
librations  with  the  LURE  2  program  (Williams,  1977)  from  which  the  following 
factors  v.ere  derived: 

a  =  Geocentric  .ht  ascension  of  the  moon 

! 

6  =  Geocentric  olination  of  the  moon 

n  =  Equatorial  horizontal  parallax 

3„  =  Selenocentric  latitude  of  the  earth 

E 

X^  =  Selenocentric  longitude  of  the  earth 

C  =  Librated  position  angle  of  cne  lunar  axis 

The  values  thus  derived  refer  to  the  line  of  centers  between  the 
earth  and  moon  and  must  be  amended  for  the  observatory's  surface  position. 

Topocentric  librations  were  determined  by  the  method  of  Atkinson 
(Atkinson,  1951).  The  following  notations  were  used: 

<}>  =  Geocentric  latitude  of  observatory 

=  Longitude  of  observatory  (time) 

GHA^.  =  Greenwich  hour  angle 

h  »  Geocentric  hour  angle  of  the  moon 

Z  =  Geocentric  zenith  distance  of  the  moon 

Q  =  Parallatic  angle  in  the  plane  of  libration  between 

the  direction  of  the  observer's  zenith  and  the 
celestial  north  pole 

n'  =  Topocentric  parallax 

Ab  =  Topocentric  correction  to  latitude 

Al  =  Topocentric  correction  to  longitude 

Ac  =  Topocentric  correction  to  position  angle 

3q  =  Selenocentric  latitude  of  observatory 

X 

o 


Selenocentric  longitude  of  observatory 


where 

* 

— 

35°00'08"  (1967  Ellipsoid) 

\>E 

= 

7h26m58S 

h 

= 

GHA,  -  A  -  a  +  24  hours 

A  oE 

z 

= 

cos  1  (sin  $  sin  6  +  cos  <{>  cos  6  cos  h) 

Q 

= 

sin  ^  (sin  h  cos  <f>  cosec  Z) 

it' 

= 

n  (sin  Z  +  0.0084  sin  2Z) 

(6) 

then 

Ab 

_ 

it*  cos  (Q  -  C) 

A1 

= 

x'  sin  (Q  -  C)  sec  0 

E 

(7) 

Ac 

= 

sin  0  ( A1 )  —  n •  sin  Q  tan  6 
o 

and 

Po 

= 

SE*Sb 

A 

o 

= 

XE  *  41 

(8) 

C 

o 

= 

C  +  Ac 

When  the  topocentric  librations  are  known,  a  rotation  matrix  can  be  used  to 
determine  each  of  the  60  feature  coordinates  in  this  sytems 

3  =  Selenocentric  latitude  of  point 

P 

=  Selenocentric  longitude  of  point 
R  =  Radius  vector  of  point 

and 


sw 


It  is  then  necessary  to  determine  the  conically  projected  or  perspective 
coordinates  of  each  control  feature  in  the  librated  plane: 

Rj^  =  Distance  between  centers  of  earth  and  moon 

Rq  =  Distance  from  observatory  to  moon's  center 

Rv  =  Geocentric  radius  of  U.  S.  Naval  Observatory 
(6373.377  km) 

a  =  Equatorial  radius  of  earth  (6378.160  km) 


d  ,d 
x'  y 


xlp,yi 


=  Perspective  displacements 
=  Perspective  coordinates  of  point 


sin  ir 


R  -  R  cos  2 
M  v _ 

cos  Ab  cos  Al 


Ll  R  -  ZT 
\  o  L 


L\  R  -  Z 
\  o  L 


xlp  =  ^  + 

ylp  =  yl  +  dy  <10> 

Note:  and  Y^  are  increased  numerically  by  dx  and  dy  regardless  of  sign. 

The  adjusted  plate  coordinates  (Xq,Yo)  cf  the  60  control  features  can  now  be 
transformed  into  projected  lunar  coordinates  (XLp,YLp).  This  will  develop  a 
set  of  plate  constants  or  parameters  which  relate  the  measured  coordinates  to 
a  lunar  reference  system  as  depicted  by  the  control  features.  A  second  order 
affine  transformation  was  used. 


=  AX  -  B  Y  +  C,(X2  -  Y2)  -  D.(2X  Y  )  +  C 
1o  1o  1  o  o  loo  E 


=  AY  +  B  X  +  C  ( 2X  Y  )  +  D  (X2  -  Y2)  +  C 
2  o  2  o  2oo  2o  o  N 


SSXSEE!2£A3fi&53i3£&  s 


Since  this  is  an  affine  transformation,  it  will  differ  from  a  similar 
conformal  transformation  as  follows s 


V 

V 


Conformal  A1  =  A2'B1  =  B2,C1  =  c2‘  etc* 


Affine 


“  a2,B1 


B2'C»1 


C2,  etc. 


There  wil)  be  small  differences  in  the  coefficients  in  the  affine  trans¬ 
formation  since  the  Y  scale  may  be  slightly  different  than  the  X  scale. 


The  method  of  least  squares  using  the  centroid  technique  was  employed 
to  determine  the  coefficients  in  equations  (11)  where 


and  Y 
o  o 


X  and  Y 


XLP  and  YLP 


X„  and  Y 
P  P 


N 


=  Plate  coordinates 
=  Centroid  plate  coordinates 
=  Perspective  coordinates 
=  Centroid  perspective  coordinates 
=  Number  of  points  (60) 


Then  for  each  point: 


k 


=  x_  - 


N 

k 


Y  =  Y_ 


and 


N 

lx 


x  =  xT_ 

p  LP 


LP 


h. 


Y  =  Y 

p  XLP 


LP 


N 


(12) 


Then  the  normal  equations  are  as  follows: 
For  X 


£x*x 

“Ix*Y 

Ix(x2-y2) 

-£x  *2XY 

A1 

- 1 

C^l 

X 

J' 

. . -J 

* 

4 

-Iy*x 

Iy*Y 

-£y(x2-y2) 

£y*2XY 

B1 

ae 

-&•* p 

2  * 

j  t  7 

I(X2-Y2  )x 

-I(X2-Y2)Y 

£(x2-y2)(x2-y2) 

-^(X2-Y2)2XY 

C1 

J<x2-y2)xp 

*  , 

i  . 

-^2XY*X 

^2XY*Y 

-^2XY(X2-Y2) 

^2XY  *2XY 

D1 

~^2XY »Xp 

(13) 
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For  y 


Jy» Y  £y*X  £y*2XY  £y(X-Y) 

Jx  *Y  £x*X  £x»2XY  ^X(X2-Y2) 

1  2  2 
^2XY  *Y  ^2XY*X  ^2XY  *2XY  ^2XY(X  -Y  ) 

[{X2- y2)y  £(x2-y2)x  £(x2-y2)2xy  I(x2-y2)(x2-y2) 


<N 

< 

B2 

• 

C2 

D2 

^2XY *Y 
I(X2-Y2)Y 


Both  matrices  were  inverted  to  derive  the  eight  unknown  coefficients. 
Then  the  translation  factors  are: 

+  Bl^o  -  c,I«o  -  *o>  +  ^Vo 
°E  H 

.  -  S&o  -  *lK  -  C2KSo  -  “aK-'o1 


The  eight  coefficients  and  two  translation  factors  were  applied  to 
the  plate  coordinates  according  to  the  transformation  formula  (11).  This 
produced  a  set  of  transformed  coordinates  (XT  and  Y^,)  for  each  control  point 
which  differs  from  their  perspective  coordinates  (XLp  and  YLp)  by  the  amount 
of  the  residual  errors  (Ex  and  Ey): 

E  =  Xtt>  - 
X  LP  T 

E  =  Y  -  Y  (15) 

Y  LP  T 

The  standard  error  (S.E.)  will  be 


S.E.  = 


Ie2  +  [e2 

L  X  L  Y 
2N  -  4 


The  plate  coordinates  of  the  unknown  points  were  then  transformed  into  the 
librated  plane  by  the  above  equations  (11).  In  subsequent  computations,  the 
transformed  coordinates  X,^  and  YT  were  used  for  both  control  points  and 
unknown  points.  This  developed  new  positions  for  the  control  features  as 
amended  by  actual  measurements.  For  a  few  of  these  control  features,  the 
residual  errors  (Ex  and  Ey)  were  large  and  consistent  from  plate  to  plate.  In 
these  cases,  the  positions  derived  from  the  XT  and  Y^  were  substituted  for  the 
original  coordinates  and  the  computations  iterated. 

The  next  step  w*s  to  compute  the  direction  cosines  of  the  perspective 
ray  of  each  point  and  convert  its  transformed  coordinates  (X^  and  Y^)  into 
three-dimensional  selenocentric  coordinates.  It  was  necessary  to  compute  the 
selenocentric  directions  of  the  perspective  rays.  These  are  the  directions  in 


£  > 


mm 


s  * 


"i 
.  i 


"1 


'4 


%■ 


latitude  and  longitude  that  a  ray  parallel  to  the  perspective  ray  would  take 
if  it  passed  through  the  origin  of  the  selenocentric  reference  system*  This 
procedure  is  as  follows: 


3 


then 


op 


op 

R 


Ab 


A1 


Ab 


A1 


=  Selenocentric  direction  in  latitude 

i 

=  Selenocentric  direction  in  longitude 
=  Distance  from  observatory  to  moon's  center 
=  Correction  to  3q  for  each  point's  position 
=  Correction  to  X^  for  each  point's  position 


-1 


=  tan 


=  tan-1  I  ~ 


and 


3 

3 

-  Ab 

op 

o 

o 

X 

X 

-  A1 

op 

o 

o 

)b  will 

have 

the  same 

sigr 

cosines 

(a  , 

3  r  and  X 

)  for 

(17) 


cos  a 


cos  3 


cos  X 


=  cos  X  cos  3 

op  op 


=  sin  X  cos  3 

op  op 


=  sin  3 


op 


(18) 


Converting  the  transformed  coordinates  into  the  selenocentric  reference  system 
required  a  rotation  about  two  axes.  The  first  was  the  reverse  of  the 
libration  3  and  the  second  was  the  reverse  of  the  libration  X  .  It  was  not 
necessary  to  change  the  sign  of  3  since  the  sign  of  the  libration  in  latitude 
is  opposite  the  sign  of  rotation: 

=  Selenocentric  coordinates  of  X^,  Y,-, 

=  First  rotation  about  the  X  axis 


Wzs 


3 


-X 


=  Second  rotation  about  the  Y  axis 
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The  rotation  matrix  is: 


Xs 

cos  X  -  sin  B  sin  X  +  cos  8  sin  X 

o  o  o  o  o 

V 

Y„ 

— 

0  +  cos  X  +  sin  B 

¥„ 

s 

o  o 

T 

zo 

-sin  X  -  sin  B  cos  X  +  cos  B  cos  X 

3 

i — 

0 

o 

o 

0 

0 

T 

Since  there  are  no  values  for  ZT,  this  reduces  to: 


XTcos 

X  - 
o 

YTsin 

0 

o 

sin 

X 

o 

Ytcos 

X 

o 

O^sin 

X  - 
o 

YTsin 

0 

o 

cos 

X 

o 

(19) 

This  operation  ends  the  reduction  procedure  on  the  individual  plate. 
Each  of  the  1156  control  features  were  related  to  the  selenocentric  reference 
system  through  direction  cosines  and  the  coordinates  Xg,  Yg  and  Zg. 

The  surface  position  of  each  point,  latitude,  longitude  and  radius 
vector  was  computed  from  sets  of  three  differently  librated  plates.  The 
result  of  this  computation  was  three  sets  of  coordinates,  one  on  each 
perspective  ray.  They  form  a  triangle  in  space  and  the  most  probable  surface 
position  is  considered  an  averags  of  the  three  values.  For  each  computation, 
the  subscripts  1,  2  and  3  are  used  to  identify  similar  values  on  the 

differently  librated  plates: 

X8i,ysi,Zsi  =  Selenocentric  coordinates  of  the  intersection  of  the 

perspective  ray  and  the  librated  plane  on  plate  no.  1. 

02'^2'Y2  =  Direction  cosines  of  the  perspective  ray  on  plate  no.  2. 

etc .... 


The  differences  between  the  three  projected  space  coordinates  of  a 


point  are: 


tt1 

“  XS2 

‘  Xs1 

**2 

“  Xs3  *  Xs1 

AY1 

“  Ys2 

"  Ys1 

AY2 

=  Ys3  -  Ys1 

*1 

=  Zs2 

‘  2s1 

az2 

=  Zs3-Zs1 

^3 

=  Xs3  - 

Xs2 

AY3 

=  Ys3- 

Ys2 

^3 

=  Zs3  - 

Zs2 

(20) 
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Each  point  has  the  followinq  observation  equations: 


=  Distance  along  the  perspective  ray  from  the 
librated  plane  to  the  surface  position  for 
each  point 

X„  . Y  ,Z  =  Mean  selenocentric  surface  coordinates  for  each  point 
sp  sp  sp  r 

and 


L^cos  B 

- 

L2COS 

e2 

= 

Axi 

L^os  8^ 

- 

L3cos  $3 

AX2 

L0cos 

e2 

- 

L3cos  83 

= 

AX 

3 

L^cos  Y 

- 

L2COS 

Y2 

= 

AY1 

I^cos  Y1 

- 

L3cos  Y3 

= 

AY2 

LjCOS 

Y2 

- 

L3cos  Y3 

= 

Ay 

3 

I^cos 

- 

LjCOS 

°2 

= 

AZ1 

L^cos 

l3cos  a 

= 

az2 

L2COS 

“2 

- 

L3cos 

= 

az3 

Then  let: 

laa 

= 

2  (COS 

2 

+  cos  Y1 

2 

+  cos  ) 

Ibb 

= 

2  (cos 

*2 

2 

+  cos  Y2 

2 

+  cos  0*2 ) 

Ice 

= 

2  ( cos 

2 

+  cos  Y3 

2 

+  cos  cc3 ) 

lab 

= 

(  COS 

cos  $2  + 

cos  Y  ^  COS 

Y2 

+ 

cos 

cos 

lac 

= 

(cos 
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cos  + 

cos  Y1  cos 

Y3 

+ 

cos 

cos 

Ibc 

= 

(cos 

S2 

cos  8^  + 

cos  Y2  cos 

V 

'3 

+ 

cos 

oc  cos 
2 

lal 

= 

cos  8 

1 

(AX^  AX2 

)  +  cos  Y1(AY1 

2) 

+  cos  a 

(21 


1  1  2 
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Tbl  =  cos  B  ( Ax  -  Ax)  +  cos  Y  (Ay  -Ay  )  +  cos  a  (Az  -Az  ) 

^  231  231  231 

Icl  =  -cos  03  (AX2+  Ax3)  -  cos  Y3(AY2+AY3)  -  cos 


laa 

+ 

lab 

+ 

lab 

+ 

Ibb 

+ 

lac 

+ 

Vbc 

+ 

The  matrix 

is 

inverted 

to 

lac  L1 

[be  L2 

Icc  L3 


selenocentric  coordinates  of  the  surface  position  are: 


(L1COS  +  XS1>  +  (L2COS  02  +  XS2)  +  (L3COS  *3  +  XS3) 


(L1COS  Y1  +  YS1>  +  (L2COS  Y2  +  YS2}  +  (L3COS  Y3  +  YS3) 


<L1COS  “l  +  V  +  (L2COS  °2  +  ZS2)  +  (L3COS  “3  +  ZS3} 


and 

Radius  Vector  (R)  =  (X 


-'[y) 


2  2  2  %  V? 

<  +  Y  +  Z  )  2 

sp  sp  sp 


Latitude  =  sin  |  ] 

V'  / 
1  (  Xs 

Longitude  =  tan  1  I  — ^ 
V  Jsp 


In  this  manner  the  surface  positions  were  derived  for  all  1156  control 
features  which  constitutes  a  single  determination. 

A  spherical  standard  error  (S.S.E.)  was  determined  for  each  control 
point  by  comparing  the  mean  coordinates  (X^,  Ysp'  ant^  Zsp^  wtth  the  three 
positions  of  the  triangle.  This  re suited  in  nine  residuals: 

A5S  =  xsp  -  (L1cos  +  Xs1> 


■*&**££  •»  * 


(26) 


Ay, 


sp 


(I^cos 


Ys2) 


(L-jCOS  Cl  +  Z  ) 
J  3  s  3 

6  tO .  .  .  « 

then 


Az, 


sp 


N  -  3  =  6 


and 


S  •  S  •  £  • 


IaxJ  +  +  ^Az^ 


where  i  =  1,2,3 


(27) 


In  such  a  large  sample  of  control  features  (1156),  errors  are  bound  to  occur 
in  identification,  interpretation  or  actual  measurement  and  the  S.E.  (27)  will 
depict  such  discrepancies.  A  large  enor  then  indicates  a  measuring  blunder 
on  one  of  the  three  plates  for  that  particular  point. 


Different  sets  of  three  librated  plates  were  carried  through 
equations  20  to  27  to  derive  coordinate  values  for  all  of  the  control 
features.  Nine  of  the  plates  were  used  in  three  independent  reductions.  The 
tenth  plate  was  combined  with  plates  from  two  of  these  reductions  for  a  fourth 
determination.  The  final  result  was  a  mean  of  these  derived  coordinates  with 
a  standard  error  computed  similar  to  steps  26  and  27: 


M 

N 


and 


X 


M 


Z 


M 


where  i  =  1,N 


Subscript  to  denote  the  mean  coordinate 
Number  of  derived  coordinate  values 


N 

J_ 

N 

_1_ 

N 


l 

l 

l 


X 

spi 


Y 

spi 


z 

spi 


(28) 


The  mean  values  for  radius  vector,  latitude,  and  longitude  were  determined  in 
a  similar  manner.  The  error  is  then  expressed  in  terms  of  the  X,  Y,  and  Z 
coordinates  where: 
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A*-./ 


Ax,  Ay,  Az  -  Differences  between  the  mean  coordinates  and 
the  individually  derived  values. 


and 


S.  S. E. 


where  i  =  1 , 2, 3,4 


V.  LIMB  POSITIONS 


(29) 


After  the  1156  control  features  were  measured  in  the  zero  degree 
plate  orientation,  approximately  60  to  70  positions  were  measured  on  the 
illuminated  limb.  These  limb  measurements  were  carried  through  the  same 
computations  with  the  control  point  measurements  to  step  (19).  This  resulted 
in  the  following  values  being  determined  for  the  limb  positions: 

XT'  YT  =  Transformed  perspective  coordinates 

X  .  Y  .  Z„  =  Selenocentric  coordinates  of  the  intersection  of 

s  s  s 

the  perspective  ray  and  librated  plane 
a,  6,  Y  =  Direction  cosines  of  the  perspective  ray 


The  reduction  of  coordinates  was  accomplished  for  each  individual  plate  (see 
Figure  2 )  where : 

D  =  Distance  from  the  origin  to  the  intersection  of 
the  perspective  ray  and  the  librated  plane 

S  =  Angle  at  the  origin  between  the  normal  to  the 
perspective  ray  and  the  librated  plane. 


L 


then 


D 


S 


L 


and 


X 


sp 


Distance  along  the  perspective  ray  from  the 
librated  plane  to  the  normal  or  point  of 
tangency . 


<4  ♦  yJ>  V* 


tan 


-1 


Dsin  S 


L  cos  6  +  X 

s 


(30) 
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Y  =  L  cos  y  +  Y 

sp  S 

Z __  =  L  cos  a  +  Z 

sp  s 

Radius  Vector (R)  =  (XSf)  +  Y  +  7.  fa 

Latitude  =  sin 

Longitude  =  tan 


(31) 


Equations  (30)  and  (31)  were  applied  to  each  limb  measure  on  every  plate.  The 
results  are  tabulated  in  Appendix  III  as  latitude,  longitude  and  radius 
vector. 


VI.  CONCLUSION 


Although  it  is  not  the  optimum  solution,  the  present  work  is  the  most 
comprehensive  adjustment  to  date.  It  would  be  more  useful  to  have  the  origin 
coincide  with  the  moon's  center  of  mass  rather  than  the  center  of  figure. 
Since  this  location  cannot  be  directly  identified  with  earthbased  photography, 
some  additional  source  of  information  is  required  for  a  proper 
determination.  At  present,  the  best  available  data  for  this  purpose  is  the 
derived  coordinates  of  laser  retro-reflectors  and  radio  transmitters  at  the 
various  landing  sites. 

The  average  unit  sigma  for  all  control  points  was  slightly  less  than 
500  meters.  In  general,  individual  errors  vary  according  to  heir  location  on 
the  moon's  surface.  The  same  measuring  error  in  the  photograpnic  plane  causes 
a  larger  surface  displacement  in  limb  areas  than  in  the  central  part  of  the 
lunar  disc.  As  a  result,  relative  errors  in  feature  coordinates  generally 
grow  larger  from  the  central  regions  toward  the  limb.  This  is  somewhat 
amended  by  the  character  of  the  feature  itself.  Small  well  defined  features 
near  the  limb  can  have  errors  more  compatible  with  those  in  the  central 
regions. 

In  this  work,  relative  errors  in  feature  coordinates  range  from  about 
200  meters  in  the  central  regions  to  a  kilometer  in  the  limb  areas.  There  are 
exceptions  to  this  trend  which  reflect  the  varying  image  quality  of  individual 
features.  Although  this  is  a  normal  effect  in  all  earthbased  work,  it  is  not 
an  optimum  condition  for  a  control  system.  This  situation  could  be  somewhat 
corrected  by  additional  determinations  of  feature  coordinates  in  the  limb 
areas  using  photography  selected  for  that  purpose.  That  is,  additional  lunar 
plates  in  which  the  limb  areas  are  well  defined.  This  would  not  equalize  the 
errors  with  the  central  regions  but  would  reduce  the  disparity. 

To  develop  this  optimum  situation  will  require  a  large  number  of  high 
quality  lunar  plates  containing  a  wide  variety  of  libration  angles.  Many  such 
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plates  already  exist  in  the  photographic  collection  of  the  U.S.  Naval 
Observatory.  They  were  not  used  in  this  fundamental  solution  since  their 
phase  angle  would  not  permit  the  measurement  of  all  1156  control  features. 
However,  they  would  be  quite  useful  in  upgrading  limb  feature  coordinates  and 
identifying  small  features  in  the  close  vicinity  of  the  lunar  landing  sites. 
In  conjunction  with  the  additional  photography  presently  being  acquired  by  the 
U.S.  Naval  Observatory,  the  optimum  earthbased  solution  would  be  a  feasible 
undertaking. 
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APPENDIX  I 


IDENTIFICATION  OF  LUNAR  CONTROL  FEATURES 

This  appendix  identifies  the  control  features  and  lists 
corresponding  number  in  other  control  catalogs  as  follows: 

Column  1  -  Control  feature  number 

Column  2  -  ACIC  control  including  unpublished  mapping  control 
Column  3  -  Kiev  publication  of  Goloseyevo  1  and  2  catalogs 
Column  4  -  Manchester  University  (Mills-2) 

Column  5  -  Schrutka-1  catalog 

Column  6  -  Apollo  mapping  camera  missions 

Column  7  -  I.A.U.  list 

Column  8  -  System  of  lunar  craters  (Arthur,  et.  al.). 

University  of  Arizona 

Column  9  -  Name  or  description 
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Caucasus  V 
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3K5R2  7L  13544  Luther 

13518  Luther  H 

W.  of  Plana  G 
13614  Plana  F 
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446  509  W  of  Laplace  A 

447  265  172  22793  Laplace  D 
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564  634  25762  Louvillc  K 
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APPENDIX  III 


COORDINATES  OF  LIMB  POSITIONS 


HCTgPg  W  i5Sf‘ 


LATITUDE 

(DEG) 

55.238 

57.378 

59.613 

61.956 

64.651 

67.625 

69.902 

72.146 

74.504 
76.781 
79.423 
81.419 
83.108 
83.876 
83.685 

82.504 
80.489 
78.138 
75.529 
73.093 
70.159 
67.440 
64.485 
61.553 
58.439 
55.182 
52.480 
49.732 

47.277 
44.911 

42.498 
39.638 
36.984 
34.094 
31.334 

28.277 

25.499 
22.972 
20.601 
17.949 
15.350 
13.344 
11.901 

9.579 


LONGITUDE 

(DEG) 

-82.905 

-82.159 

-81.278 

-80.214 

-78.761 

-76.766 

-74.843 

-72.461 

-69.183 

-64.816 

-57.006 

-46.891 

-30.000 

-8.663 

13.908 

34.127 

48.689 

57.690 
63.782 
67.637 
70.976 
73.283 
75.238 
76.787 
78.134 
79.302 
80.131 
80.874 
81.468 
81.990 
82.478 
83.009 
83.463 
83.929 
84.330 
84.755 
85.119 
85.435 
85.721 
86.030 
86.323 
86.544 
86.700 
86.948 


RADIUS 

VECTOR 

(KM) 

1736.550 

1734.393 

i  7 36. 642 

1736.605 

1737.432 

1737.434 

1737.715 

1738.474 

1737.861 

1738.144 

1737.950 

1737.161 

1737.303 

1736.959 

1738.074 

1738.462 

1738.258 

1737.639 

1737.237 

1738.422 

1737.556 

1737.817 

1736.025 

1736.066 

1733.931 

1735.359 

1736.910 

1735.760 

1738.066 

1738.018 

1737.593 

1738.032 

1738.631 

1736.966 

1736.791 

1736.097 

1737.730 

1737.537 

1737.444 

1735.536 

1735.709 

1735.071 

1735.355 

1736.758 


111-1 


MEASUREMENT 

NO. 


3061 

3062 

3063 

3064 

3065 

3066 

3067 

3068 

3069 

3070 

3071 

3072 

3073 

3074 

3075 

3076 

3077 

3078 

3079 

3080 

3081 

3082 

3083 

3084 

3085 
302  C 

3087 

3088 

3089 

3090 

3091 

3092 

3093 

3094 

3095 

3096 

3097 

3098 

3099 

3100 

3101 

3102 

3103 

3104 


PLATE 

NO. 


28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 

28533 


Jhftegt,'.-, 


LATITUDE 

(DEG) 


7.197 

4.975 

3.636 

1.736 

-.482 

-2.824 

-4.713 

-7.016 

-9.507 

-12.716 

-15.675 

-19.040 

-22.056 

-25.459 

-29.0S9 

-32.776 

-35.376 

-38.473 

-41.231 

-44.137 

-46.939 

-50.074 

-52.922 

-56.092 

-58.502 

-61.048 

-62.553 

-64.613 

41.864 

44.556 

47.348 

50.004 

52.750 

56.106 

58.766 

61.445 

63.729 

66.485 

69.053 

71.555 

74.183 

77.055 

79.940 

82.294 

84.168 


RADIUS 

MEASUREMENT 

PLATE 

LONGITUDE 

(DEG) 

VECTOR 

(KM) 

NO. 

NO. 

87.198 

1736.875 

3105 

28533 

87.429 

1734.204 

3106 

28533 

87.567 

1732.885 

3107 

28533 

87.762 

1732.890 

3108 

28533 

87.989 

1733.053 

3109 

28533 

88.228 

1733.769 

3110 

28533 

88.421 

1733.391 

3111 

28533 

88.657 

1735.388 

3112 

28533 

88.915 

1739.720 

3113 

28533 

89.253 

1737.362 

3114 

28533 

89.571 

1737.814 

3115 

28533 

89.944 

1738.749 

3116 

28533 

90.290 

1737.290 

3117 

28533 

90.699 

1737.424 

3118 

28533 

91.160 

1736.601 

3119 

28533 

91.662 

1734.872 

3120 

28533 

92.040 

1735.887 

3121 

28533 

92.524 

1735.252 

3122 

28533 

92.990 

1735.747 

3123 

28533 

93.526 

1735.739 

3124 

28533 

94.095 

1737.345 

3125 

28533 

94.806 

1736.602 

3126 

28533 

95.538 

1736.240 

3127 

28533 

96.475 

1738.089 

3128 

28533 

97.298 

1737.123 

3129 

28533 

98.302 

1737.955 

3130 

28533 

98.977 

1735.681 

3131 

2853 

100.019 

1738.789 

3132 

2853 

-81.171 

1734.879 

3061 

3355 

-80.735 

1734.462 

3062 

3355 

-80.237 

1735.958 

3063 

3355 

-79.710 

1736.780 

3064 

3355 

-79.099 

1736.879 

3065 

3355 

-78.236 

1736.535 

3066 

3355 

-77.435 

1736.475 

3067 

3355 

-76.489 

1736.830 

3068 

3355 

-75.542 

1736.487 

3069 

3355 

-74. 166 

1736.927 

3070 

3355 

-72.56S 

1737.904 

3071 

3355 

-70.588 

1738.659 

3072 

3355 

-67.828 

1738.727 

3073 

3355 

-63.477 

i  7 37. 876 

3074 

3355 

-56.352 

17)8.058 

3075 

3355 

-45.705 

17)7.256 

3076 

3355 

-27.2S4 

17  37.121 

3077 

3355 

LATITUDE 

LONGITUDE 

RADIUS 

VECTOR 

MEASUREMENT 

NO. 

(DEG) 

(DEG) 

LKA.) 

85.024 

j.  246 

1738.081 

3078 

84 . 324 

3.078 

1738.304 

3079 

82.651 

>1.772 

1738.805 

3080 

80.21 1 

63.921 

1737.810 

3081 

77.926 

70.202 

1738.318 

3082 

74.760 

75.575 

1738.363 

3083 

71.534 

79.090 

1739.408 

3084 

68.684 

81.304 

1738.432 

3085 

66.059 

82.882 

1737.773 

3086 

62.707 

84.468 

1737.366 

3087 

59.956 

85.519 

1733.935 

3088 

56.738 

86.541 

1733.850 

3089 

53.639 

87.368 

1737.729 

3C90 

50.532 

88.082 

1736.241 

3091 

47.066 

88.773 

1739.024 

3092 

43.760 

89.351 

1738.821 

3093 

40.258 

89.897 

1738.475 

3094 

36.952 

90.360 

1738.418 

3095 

33.719 

90.775 

1738.749 

3096 

30.503 

91.157 

1738.173 

3097 

27.051 

91.538 

1739.206 

3098 

23.510 

91.905 

1738.904 

3099 

20.451 

92.205 

1737.219 

3100 

17.625 

92.471 

1737.421 

3101 

15.036 

92.707 

1736.680 

3102 

11.812 

92.992 

1735.600 

3103 

8.700 

93.260 

1736.559 

3104 

5.271 

93.550 

1736.683 

3105 

1.952 

93.826 

1736.794 

3106 

-.593 

94.036 

1738.321 

3107 

-3.613 

94.285 

1740.360 

3108 

-6.514 

94.526 

1737.786 

3109 

-10.116 

94.827 

1738.512 

3110 

-13.509 

95.116 

1739.785 

3111 

-16.542 

95.381 

1738.431 

3112 

-19.608 

95.657 

1737.776 

3113 

-22.690 

95.944 

1738.173 

3114 

-26.282 

96.295 

1737.228 

3115 

-29.321 

96.608 

1737.340 

3116 

-32.301 

96.933 

1737.044 

3117 

-35.883 

97.353 

1735.240 

3118 

-39.302 

97.78S 

1736.313 

3119 

-42.544 

98.242 

1738.968 

3120 

-45.563 

98.708 

1737.676 

3121 

-48.903 

99.286 

1737.110 

3122 

PLATE 

NO. 


33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 

33553 


III- 3 


m 


■1 


RADIUS 

MEASUREMENT 

PLATE 

LATITUDE 

LONGITUDE 

VECTOR 

NO. 

NO. 

*  ; 

(DEG) 

(DEG) 

(KM) 

-53.730 

100.270 

1739.286 

3123 

33553 

*  : 

84.311 

-101.118 

1738.157 

3061 

29040 

| 

81.454 

-98.728 

1737.883 

3062 

29040 

78.840 

-97.609 

1736.795 

3063 

29040 

76.245 

-96.911 

1738.304 

3064 

29040 

! 

73.851 

-96.462 

1737.986 

3065 

29040 

j 

71.415 

-96.120 

1737.152 

3066 

29040 

* 

69.045 

-95.859 

1737.801 

3067 

29040 

I 

66.616 

-95.644 

1737.712 

3068 

29040 

i 

64.491 

-95.487 

1737.511 

3069 

29040 

l 

62.101 

-95.335 

1738.149 

3070 

29040 

| 

59.617 

-95.200 

1739.119 

3071 

29040 

57.077 

-95.081 

1737.373 

3072 

29040 

£ 

54.265 

-94.966 

1737.774 

3073 

29040 

51.762 

-94.875 

1736.624 

3074 

29040 

£ 

49.253 

-94.792 

1736.729 

3075 

29040 

| 

46.553 

-94.711 

1737.063 

3076 

29040 

i 

43.812 

-94.636 

1736.873 

3077 

29040 

41.183 

-94.569 

1738.118 

3078 

29040 

38.650 

-94.509 

1737.429 

3079 

29040 

i 

35.913 

-94.448 

1735.390 

3080 

29040 

1 

V 

33.031 

-94.387 

1737.021 

3081 

29040 

30.215 

-94.331 

1736.164 

3082 

29040 

i 

27.601 

-94.281 

1736.379 

3083 

29040 

y 

i 

24.679 

-94.227 

1736.014 

3084 

29040 

i 

f 

22.330 

-94.185 

17  37.188 

3085 

29040 

5 

19.478 

-94.135 

1737.434 

3086 

29040 

i 

> 

16.460 

-94.083 

1737.855 

3087 

29040 

13.54S 

-94.034 

1737.215 

3088 

29040 

I 

10.901 

-93.989 

1738.504 

3089 

29040 

| 

8.244 

-93.945 

1739.018 

3090 

29040 

5 

5.600 

-93.901 

1738.576 

3091 

29040 

1 

3.079 

-93.859 

1738.782 

3092 

29040 

| 

-.073 

-93.805 

173S.753 

3093 

29040 

-2.494 

-93.764 

1740.841 

3094 

29040 

■■5 

-5.651 

-93.709 

1737.321 

3095 

29040 

-8.413 

-93.660 

1738.648 

3096 

29040 

-11.156 

-93.609 

1739.412 

3097 

29040 

r 

-14.160 

-93.553 

1735.047 

3098 

29040 

; 

-16.334 

-93.511 

1733.097 

3099 

29040 

3" 

-18.420 

-93.469 

1732.394 

3100 

29040 

! 

-20.829 

-93.4  IS 

1732.436 

3101 

29040 

.  | 

-23.407 

-93.362 

1733.714 

3102 

29040 

| 

-25.757 

-93.308 

1736.391 

3103 

29040 

| 

-28.736 

-93.235 

1737.626 

3104 

29040 

.  j 

III -4 


RADIUS 

MEASUREMENT 

PLATE 

LATITUDE 

LONGITUDE 

VECTOR 

NO. 

NO. 

(DEG) 

(DEG) 

(KM) 

-31  .,>70 

-93.162 

1737.917 

3105 

29040 

-33.793 

-93.100 

1737.904 

3106 

29040 

-36.328 

-93.025 

1741.334 

3107 

29040 

-38.586 

-92.954 

1741.234 

3108 

29040 

-41.137 

-92.867 

1738.434 

3109 

29040 

-43.340 

-92.786 

1738.249 

3110 

29040 

-45.829 

-92.687 

1737.415 

3111 

29040 

-48.260 

-92.580 

1735.289 

3112 

29040 

-50.576 

-92.467 

1734.799 

3113 

29040 

-52.828 

-92.345 

1735.975 

3114 

29040 

-55.201 

-92.202 

1737.184 

3115 

29040 

-57.749 

-92.026 

1739.011 

3116 

29040 • 

-59.928 

-91.854 

1740.189 

3117 

29040 

-62.256 

-91.642 

1741.113 

3118 

29040 

-64.365 

-91.420 

1740.118 

3119 

29040 

-66.997 

-91.088 

1739.135 

3120 

29040 

-69.230 

-90.742 

1741.904 

3121 

29040 

-71.814 

-90.242 

1735.869 

3122 

29040 

-73.679 

-89.782 

1738.626 

3123 

29040 

-76.033 

-89.031 

1738.453 

3124 

29040 

-78.642 

-87.841 

1736.064 

3125 

29040 

-81.257 

-85.936 

1734.208 

3126 

29040 

-84.120 

-81.876 

1740.451 

3127 

29040 

-86.539 

-73.008 

1737.269 

3128 

29040 

-88.696 

-21.290 

1737.954 

3129 

29040 

-87.076 

60.715 

1741.467 

3130 

29040 

-84.270 

73.395 

1737.220 

3131 

29040 

-81.786 

77.238 

1739.040 

3132 

29040 

-79.343 

79.261 

1739.483 

3133 

29040 

62.472 

-101.877 

1736.843 

3061 

8778 

59.818 

-100.423 

1737.379 

3062 

8778 

56.588 

-98.946 

1735.510 

3063 

8778 

53.553 

-97.774 

1737.932 

3064 

8778 

50.498 

-96.756 

1737.260 

3065 

8778 

47.528 

-95.886 

1737.646 

3066 

8778 

44.630 

-95.127 

1737.523 

3067 

8778 

41.457 

-94.379 

1738.095 

3068 

8778 

38.546 

-93.755 

1738.103 

3069 

8778 

35.909 

-93.232 

1736.201 

3070 

8778 

33.523 

-92.787 

1738.395 

3071 

8778 

30.641 

-92.281 

1737.332 

3072 

8778 

27.808 

-91.812 

1736.561 

3073 

8778 

24.870 

-91.350 

1736.639 

3074 

8778 

21.577 

-90.857 

1737.280 

3075 

8778 

18.814 

-90.460 

1738.677 

3076  . 

8778 

ni-5 


8 

ft 


I 

■ ; 

'  i 


j 

! 

{ 


i 


LATITUDE 

LONGI'i  UDE 

(DEG) 

(DEG) 

16.067 

-90.078 

13.530 

-89.733 

10.444 

-89.324 

7.601 

-88.953 

4.132 

-88.506 

1.236 

-88.135 

-1.444 

-87.792 

-4.275 

-87.428 

-7.199 

-87.049 

-10.289 

-86.642 

-13.409 

-S6.222 

-16.659 

-85.772 

-19.601 

-85.350 

-22.063 

-84.9S4 

-24.702 

-84.577 

-27.732 

-84.087 

-30.444 

-83.624 

-32.953 

-83.170 

-35.689 

-82.645 

-38.790 

-82.002 

-41.716 

-81.340 

-44.635 

-SO. 616 

-47.305 

-79.883 

-50.131 

-79.020 

-52.654 

-78.156 

-55.338 

-77.116 

-57.968 

-75.945 

-60.552 

-74.606 

-63.120 

-73.035 

-65.657 

-71. 167 

-68.291 

-68.768 

-70.758 

-65.907 

-73.447 

-61.752 

-76.068 

-55.958 

-78.247 

-48.704 

-80.231 

-37.983 

-81.399 

-27.175 

-82.289 

-10.42S 

-82.401 

9.020 

-81.726 

26.245 

-80.395 

40.309 

-78.831 

49.660 

-76.889 

57. 122 

-74.848 

62.486 

-72.604 

66 .750 

RADIUS  MEASUREMENT 
VECTOR  NO. 

(KM) 

1737.130  3077 
1737.818  3078 
1737.526  3079 
1738.163  3080 
1737.202  3081 
1736.728  3082 
1737.522  3083 
1737.492  3084 

1737.253  3085 

1739.219  3086 
1737.667  3087 
1736.248  3088 
1737.760  3089 
1736.970  3090 
1737.177  3091 

1738.220  3092 
1737.874  3093 
1739.235  3094 
1738.693  3095 
1739.688  3096 
1739.946  3097 

1739.253  3098 
1739.279  3099 
1740.284  3100 
1739.462  3101 
1738.813  3102 
1739.445  3103 
1741.557  3104 
1739.052  3105 
1736.417  3106 
1735.862  3107 
1738.489  3108 
1740.945  3109 
1740.351  3110 
1741.339  3111 
1736.333  3112 
1739.967  3113 
1740.028  3114 
1740.036  3115 
1741.032  3116 
1739.320  3117 
1740.671  3118 
1739.821  3119 
1740.636  3120 
1739.979  3121 


PLATE 

NO. 


8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 

8778 


RADIUS 

MEASUREMENT 

PLATE 

LATITUDE 

LONGITUDE 

VECTOR 

NO. 

NO. 

(DEG) 

(DEG) 

(KM) 

-69.682 

70.787 

1739.054 

3122 

8778 

-66.839 

73.703 

1736.820 

3123 

8778 

-64.264 

75.783 

1737.295 

3124 

8778 

-61.928 

77.344 

1736.624 

3125 

8778 

-59.648 

78.644 

1737.063 

3126 

8778 

88.405 

97.309 

1737.684 

3061 

30131 

85.660 

95.737 

1737.810 

3062 

30131 

82.903 

95.376 

1738.360 

3063 

30131 

80.592 

95.235 

1737.489 

3064 

30131 

78.243 

95.145 

1736.659 

3065 

30131 

75.948 

95.084 

1736.653 

3066 

30131 

74.761 

95.058 

1738.293 

3067 

30131 

72.166 

95.014 

1737.448 

3068 

30131 

69.880 

94.982 

1737.454 

3069 

30131 

66.993 

94.949 

1737.356 

3070 

30131 

64.253 

94.924 

1736.628 

3071 

30131 

61.388 

94.900 

1735.471 

3072 

30131 

58.471 

94.879 

1736.147 

3073 

30131 

56.063 

94.863 

1736.767 

3074 

30131 

52.860 

94.844 

1733.755 

3075 

30131 

50.078 

94.827 

1738.494 

3076 

30131 

47.525 

94.813 

1738.454 

3077 

30131 

44.586 

94.798 

1738.009 

3078 

30131 

42.107 

94.785 

1738.364 

3079 

30131 

39.639 

94.773 

1737.992 

3080 

30131 

37.335 

94.762 

1737.920 

3081 

30131 

34.736 

94.750 

1736.977 

3082 

30131 

31.871 

94.736 

1736.629 

3083 

30131 

29.437 

94.725 

1736.045 

3084 

30131 

26.894 

94.713 

1734.862 

3085 

30131 

23.738 

94.698 

1735.509 

3086 

30131 

20.914 

94.685 

1736.621 

3087 

30131 

18.946 

94.675 

1736.986 

3088 

30131 

16.644 

94.664 

1736.089 

3089 

30131 

13.933 

94.651 

1734.810 

3090 

30131 

11.662 

94.639 

1734.389 

3091 

30131 

6.555 

94.612 

1735.897 

3092 

30131 

3.644 

94.596 

1738.441 

3093 

30131 

i .  1 16 

94.582 

1736.382 

3094 

30131 

-1.630 

94.565 

1738.103 

3095 

30131 

-5.620 

94.541 

1739.641 

3096  ’ 

30131 

-8.514 

94.522 

1740.347 

3097 

30131 

-12.287 

94.496 

1739.459 

3098 

30131 

-15.631 

94.471 

1740.221 

3099 

30131 

-18.061 

94.452 

1737.595 

3100 

30131 

RADIUS 

MEASUREMENT 

PLATE 

LATITUDE 

LONGITUDE 

VECTOR 

NO. 

NO. 

(DEG) 

(DEG) 

(KM) 

-20.886 

94.429 

1737.859 

3101 

30131 

-24.407 

94.397 

1739.285 

3102 

30131 

-27.023 

94.372 

1736.693 

3103 

30131 

-29.855 

94 . 342 

1736.624 

3104 

30131 

-33.227 

94.304 

1734.683 

3105 

30131 

-36.086 

94.268 

1734.776 

3106 

30131 

-39.038 

94.227 

1734.733 

3107 

30131 

-42.086 

94.180 

1736.278 

3108 

30131 

-45.071 

94.129 

1735.756 

3109 

30131 

-48.456 

94.062 

1737.548 

3110 

30131 

-51.606 

93.990 

1736.675 

3111 

30131 

-54.782 

.3.905 

1736.588 

3112 

30131 

-58.248 

93.794 

1736.178 

3113 

30131 

-61.246 

93.677 

1738.401 

3114 

30131 

-64.326 

93.530 

1735.826 

3115 

30131 

-67.214 

93.356 

1737-317 

3116 

30131 

-69.936 

93.147 

1738.321 

3117 

30131 

-73.138 

92.818 

1736.170 

3118 

30131 

-75.972 

92.399 

1740.098 

3119 

30131 

-79.256 

91.642 

1741.010 

3120 

30131 

-83.268 

89.721 

1740.574 

3121 

30131 

-84.548 

8S.517 

1736.274 

3122 

30131 

-86.165 

85.821 

1739.311 

3123 

30131 

-89.046 

55.754 

1737.663 

3124 

30131 

-88.111 

-66.604 

1736.697 

3125 

30131 

-85.135 

-78.066 

1736.036 

3126 

30131 

-83.850 

-79.550 

1740.395 

3127 

30131 

-80.670 

-81.476 

1735.223 

3128 

30131 

-77.535 

-82.408 

1737.251 

3129 

30131 

-74.432 

-82.963 

1738.413 

3130 

30131 

-71.237 

-83.343 

1739.401 

3131 

30131 

-68.331 

-83.592 

1741. 021 

3132 

30131 

-65.594 

-83.774 

1741.483 

3133 

30131 

-63.133 

-83.907 

1740.993 

3134 

30131 

-60.499 

-84.025 

1740.601 

3135 

30131 

-57.821 

-84. 126 

1739.020 

3136 

30131 

-55.127 

-84.212 

1737.545 

3137 

30131 

-52.412 

-84.286 

1738.654 

3138 

30131 

-50.233 

-84.339 

1739.536 

3139 

30131 

-45.511 

-84.437 

1740.219 

3140 

30131 

-43.075 

-84.480 

1739.632 

3141 

30131 

-40.842 

-84.516 

1741.774 

3142 

30131 

-38.113 

-84.556 

1742.055 

3143 

30131 

-35.816 

-84.588 

1739.423 

3144 

30131 

-33.750 

-S4.614 

1739.428 

3145 

30131 

III-8 


LATITUDE 

(DEC) 


LONGITUDE 

(DEC; 


-31.152 
-28.993 
-27.137 
-24.953 
-22.426 
-20.383 
-18.036 
-15.469 
-13.126 
-11.286 
-9.726 
-7.394 
-5.121 
-3.131 
-.460 
1.637 
3.284 
5.546 
6.926 
8.693 
II. 016 
13.524 
15.764 
18.117 
20.244 
22.819 
25.355 
28.202 
30.842 
33.294 
36.363 
38.448 
40.540 
43.040 
45.903 
48.603 
51.049 
53.368 
56.335 
59.052 
61.243 
63.728 
66.446 
68.965 
71.026 


RADIUS 

VECTOR 

(KM) 


-84.645 

1737.536 

-84.668 

1737.574 

-S4.687 

173S.966 

-84.709 

1737.223 

-84.732 

1738.715 

-84.750 

1739.221 

-84.769 

i 739. 208 

-84.789 

1740.641 

-84.807 

1738.223 

-84.820 

1739.573 

-84.831 

1737.540 

-84.846 

1739.215 

-84. 861 

1739.086 

-84.873 

1738.107 

-84.890 

1737.794 

-84.902 

1737.552 

-84.911 

1738.131 

-84.923 

1738.290 

-84.931 

1737.000 

-84.941 

1736.717 

-84.953 

1737.025 

-84.965 

173S.03I 

-84.976 

1738.203 

-84.988 

1737.373 

-84.998 

1737.750 

-85.011 

1736.910 

-S5.023 

1737.405 

-85.036 

1737.295 

-85.049 

1736.807 

-85.060 

1735.912 

-85.075 

1735.705 

-85.085 

1735.514 

-S5.095 

1735.786 

-85.107 

1736.246 

-85.122 

1735.986 

-85.136 

1736.409 

-85.150 

1737.516 

-85.163 

1737.099 

-85.181 

1737.629 

-85.200 

1737.161 

-85.215 

1738.217 

-85.236 

1737.594 

-85.261 

1738.057 

-85.287 

1738.860 

-85.314 

1738.354 

MEASUREMENT 

PLATE 

NO. 

NO. 

3146 

30131 

3147 

30131 

3148 

30131 

3149 

30131 

3150 

30131 

3151 

30131 

3152 

30131 

3153 

30131 

3154 

30131 

3155 

30131 

3156 

30131 

3157 

30131 

3158 

30131 

3159 

30131 

3160 

30131 

3161 

30131 

3162 

30131 

3163 

30131 

3164 

30131 

3165 

30131 

3166 

30131 

3167 

30131 

3168 

30131 

3169 

30131 

3170 

30131 

3171 

30131 

3172 

30131 

3173 

30131 

3174 

30131 

3175 

30131 

3176 

30131 

3177 

30131 

3178 

30131 

3179 

30131 

3180 

30131 

3181 

30131 

3182 

30131 

3183 

30131 

3184 

30131 

3185 

30131 

3186 

30131 

3187 

30131 

3188 

30131 

3189 

30131 

■*190 

ini 

Ill- 10 


RADIUS 

MEASUREMENT 

PLATE 

LATITUDE 

LONG  mini: 

VECTOR 

NO. 

NO. 

(DEC.) 

(dec.) 

(KM) 

-57.  51/ 

-82.043 

1738.867 

3097 

5402 

-yj.  824 

-80.845 

1739.845 

3098 

5402 

-62.340 

-79.439 

1740.170 

3099 

5402 

-64.953 

-77.691 

1740.281 

3100 

5402 

-67.822 

-75.307 

1738.395 

3101 

5402 

-70.394 

-72.566 

1738.945 

3102 

5402 

-72.887 

-69.083 

1740.471 

3103 

5402 

-75.689 

-63.568 

1739.289 

3104 

5402 

-76.811 

-60.597 

1739.609 

3105 

5402 

-77.277 

-59.180 

1735.414 

3106 

5402 

-79.202 

-51.617 

1739.649 

3107 

5402 

-80.847 

-41.271 

1736.512 

3108 

5402 

-81.993 

-28.577 

1741.065 

3109 

5402 

-82.718 

-7.573 

1738.867 

3110 

5402 

-82.407 

13.426 

1739.870 

3111 

5402 

-81.404 

28.926 

1739.643 

3112 

5402 

-79.876 

40.853 

1739.057 

3113 

5402 

-77.944 

49.755 

1739.911 

3114 

5402 

-76.035 

55.558 

1739.642 

3115 

5402 

-73.864 

60.249 

1739.340 

3116 

5402 

-72.196 

63.000 

1739.225 

3117 

5402 

-70.257 

65.578 

1738.850 

3118 

5402 

-67.923 

68.059 

1737.762 

3119 

5402 

-65.414 

70.194 

1737.457 

3120 

5402 

-63.061 

71.838 

1736.769 

3121 

5402 

-61.053 

73.036 

1737.181 

3122 

5402 

-58.676 

74.264 

1736.705 

3123 

5402 

-56.411 

75.283 

1736.567 

3124 

5402 

-54.411 

76.084 

1735.304 

3125 

5402 

-51.711 

77.045 

1736.120 

3126 

5402 

-49.295 

77.810 

1737.584 

3127 

5402 

-47.042 

78.457 

1736.258 

3128 

5402 

-44.650 

79.085 

1735.781 

3129 

5402 

-42.537 

79.597 

1735.698 

3130 

5402 

-40.384 

80.083 

1735.785 

3131 

5402 

-38.301 

80.524 

1735.762 

3132 

5402 

-36.087 

80.965 

1736.061 

3133 

5402 

-33.979 

81.361 

1736.711 

3134 

5402 

-31.944 

81.725 

1735.924 

3135 

5402 

-29.709 

82.106 

1738.514 

3136 

5402 

55.896 

88.781 

1736.464 

3061 

4027 

57.934 

88.271 

1735.270 

3062 

4027 

59.635 

87.798 

1734.075 

3063 

4027 

61.758 

87.134 

1734.586 

3064 

4027 

63.450 

86.532 

1738.274 

3065 

4027 

III- 1 1 


LATITUDE 

(DEG) 


LONGITUDE 

(DEG) 


RADIUS 

VI.GTOR 

(KM) 


MEASUREMENT  PLATE 
NO.  NO. 


65.246 

68.046 

70.783 

72.206 

74.221 

75.653 

77.096 

78.648 

80.518 

82.265 

83.736 

84.983 

85.682 

85.496 

84.433 
83.004 
81.037 
78.889 
76.712 

74.433 
72.322 
70.182 
68.121 
65.656 
63.667 
61.501 
59.689 
57.640 
55.602 
53.732 
51.780 
50.047 
47.847 
46.060 
41.960 
39.819 
37.548 

35.434 
33.564 
29.444 
27.005 
25.186 
23.104 
21.192 
19.545 


85.811 
84.459 
82.768 
81.686 
79 .SI  9 
78.168 
76.121 
73.30b 
68.581 
61.777 
52.241 
36.772 
13.069 
-13.087 
-34.671 
-47.235 
-56.473 
-62.388 
-66.306 
-69.190 
-71.186 
-72.775 
-74.014 
-75.227 
-76.046 
-76.814 
-77.377 
-77.944 
-78.446 
-78.861 
-79.258 
-79.581 
-79.958 
-80.241 
-80.825 
-81.100 
-81.373 
-SI. 612 
-81.813 
-82.225 
-82.453 
-82.616 
-82.796 
-82.956 
-83.091 


1737.671 

3066 

4027 

1739.224 

3067 

4027 

1738.132 

3068 

4027 

1738.748 

3069 

4027 

1738.702 

3070 

402? 

1737.599 

3071 

4027 

1737.611 

3072 

4027 

1737.396 

3073 

4027 

1737.660 

3074 

4027 

1737.258 

3075 

4027 

1737.383 

3076 

4027 

1738.391 

3077 

4027 

1737.362 

3078 

4027 

1737.068 

3079 

4027 

1737.011 

3080 

4027 

1737.776 

3081 

4027 

1736.991 

3082 

4027 

1738.006 

3083 

4027 

1738.506 

3084 

4027 

1737.451 

3085 

4027 

1738.484 

3086 

4027 

1737.594 

3087 

4027 

1737.727 

3088 

4027 

1736.257 

3089 

4027 

1736.911 

3090 

4027 

1736.759 

3091 

4027 

1736.530 

3092 

4027 

1736.520 

3093 

4027 

1736.846 

3094 

4027 

1737.923 

3095 

4027 

1736.124 

3096 

4027 

1736.994 

3097 

4027 

1736.260 

3098 

4027 

1736.170 

3099 

4027 

1735.601 

3100 

4027 

1736.365 

3101 

4027 

1735.674 

3102 

4027 

1735.652 

3103 

4027 

1735.923 

3104 

4027 

1735.193 

3105 

4027 

1735.822 

3106 

4027 

1736.548 

3107 

4027 

1736.208 

3108 

4027 

1736.955 

3109 

4027 

1737.236 

31 10 

402 7 

111-12 


RADIUS 

MEASUREMENT 

PLATE 

LATITUDE 

LONGITUDE 

VECTOR 

NO. 

NO. 

(DEG) 

(DEG) 

(K.\.) 

17.303 

-83.  <*54 

1737.113 

31 1 1 

4027 

13.643 

-83.398 

1737.965 

11 12 

4027 

13.602 

-83.554 

1737.466 

3113 

4027 

11.781 

-83.690 

1736.971 

3114 

4027 

9.874 

-83.831 

1736.201 

3115 

4027 

7.791 

-83.982 

1736.318 

3116 

4027 

5.683 

-84.133 

1737.975 

3117 

4027 

3.815 

-84.266 

1737.715 

3118 

4027 

1.801 

-84.408 

1737.234 

3119 

4027 

-.344 

-84.559 

1737.716 

3120 

4027 

-2.329 

-84.698 

1737.826 

3121 

4027 

-4.203 

-84.829 

1738.975 

3122 

4027 

-6.449 

-84.987 

1739.662 

3123 

4027 

-8.786 

-85.153 

1737.545 

3124 

4027 

-10.675 

-85.288 

1737.974 

3125 

4027 

-14.098 

-85.536 

1739.840 

3126 

4027 

-16.430 

-85.709 

1738.122 

3127 

4027 

-18.489 

-85.865 

1737.342 

3128 

4027 

-19.737 

-85.961 

1739.425 

3129 

4027 

-21.821 

-86.125 

1737.816 

3130 

4027 

-23.558 

-86.264 

1738.081 

3131 

4027 

-24.238 

-86.321 

1738.871 

3132 

4027 

-27.474 

-86.592 

1739.565 

3133 

4027 

-29.309 

-86.754 

1738.626 

3134 

4027 

-31.207 

-86.927 

1737.928 

3135 

4027 

-33.455 

-87.140 

1739.156 

3136 

4027 

-35.666 

-87.361 

1739.672 

3137 

4027 

-37.811 

-87.586 

1740.111 

3138 

4027 

-40.230 

-87.856 

1739.970 

3139 

4027 

-42.171 

-88.087 

1738.373 

3140 

4027 

-43.763 

-88.287 

1738.689 

3141 

4027 

-45.928 

-88.576 

1738.986 

3142 

4027 

-48.009 

-S8.876 

1737.345 

3143 

4027 

-49.175 

-89.054 

1737.637 

3144 

4027 

-50.792 

-89.316 

1737.044 

3145 

4027 

-52.868 

-89.679 

1736.802 

3146 

4027 

-55.082 

-90. 107 

1737.624 

3147 

4027 

-58.138 

-90.780 

1738.979 

3148 

4027 

-61.303 

-91.611 

1741.117 

3149 

4027 

-64.487 

-92.637 

1740.462 

3150 

4027 

-70.146 

-95.216 

1741.991 

3151 

4027 

48.162 

93.335 

1739.564 

3061 

29331 

45.757 

92.845 

1738.096 

3062 

29331 

44.179 

92.545 

1737.673 

3063 

29331 

42.048 

92.165 

1738.038 

3064 

29331 

III-13 


'  5' , 


LATITUDE 

(DEG) 

40.246 
38.423 
36.379 
34.362 
32.167 
30.269 
28.120 
26.174 
24.273 
22. 105 
19.615 
17.613 
15.581 
13.600 
11.364 
9.055 
6.603 
4.821 
2.351 
-.016 
-2.424 
-4.746 
-7.125 
-9.339 
-11.657 
-14.001 
-16.490 
-18.617 
-21.250 
-23.808 
-26.114 
-28.733 
-30.901 
-33.481 
-35.797 
-38.191 
-40.165 
-42.442 
-44.771 
-47.035 
-49.376 
-51.447 


f>  -53.953 
|  -56.210 
?  -58.673 


longitude 

(DEG) 

91.862 
91.572 
91.264 
90.974 
90.674 
90.425 
90.155 
89.919 
89.696 
89.449 
S9.174 
88.959 
88.745 
88.540 
88.312 
88.080 
87.837 
87.661 
87.419 
87.187 
86.950 
86.720 
86.483 
86.259 
86.021 
85.777 
85.510 
85.277 
84 . 979 
84.679 
84 . 397 
84.062 
83.772 
83.408 
83.061 
82.681 
82.347 
81.935 
81.482 
81.003 
80.466 
79.937 
79.233 
78.520 
77.636 


RADIUS 

VECTOR 

(KM) 

1737.545 

1737.882 

1736.681 

1737.169 

1736.939 

1736.947 

1737.799 

1736.992 

1737.525 

1736.371 

1735.498 

1734.984 

1735.663 

1734.988 

1734.763 

1735.883 

1735.903 

1733.825 

1732.696 

1732.745 
1733.445 
1733.123 

1733.746 
1738.258 
1738.208 
1736.216 
1739.150 
1738.695 
1735.982 
1737.396 
1736.912 
1738.449 
1738.155 
1736.138 
1737.597 
1736.338 
1736.177 
1736.870 
1736.628 
1735.927 
1737.835 
1736.646 
1/35.460 
1737.105 
1737.301 


111-14 


MEASUREMENT 

NO. 


3065 

3066 

3067 

3068 

3069 

3070 

3071 

3072 

3073 

3074 

3075 

3076 

3077 

3078 

3079 

3080 

3081 

3082 

3083 

3084 

3085 

3086 

3087 

3088 

3089 

3090 

3091 

3092 

3093 

3094 

3095 

3096 

3097 

3098 

3099 

3100 

3101 

3102 

3103 

3104 

3105 

3106 

3107 

3108 

3109 


PLATE 

NO. 


29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

29331 

2<)33l 

°9331 

29331 

29331 


r!w  Mtowto  iWSKMl  'ftV.  W> 


I 

\ 


(I 


a 


RADIUS 

Ml.ASUR  EMLNT 

PLATE 

3 

VI  111)1)1: 

LONC.ITtllJl: 

VECTOR 

NO. 

NO. 

1 

( i » 1  iC . ) 

(niiC) 

(KM) 

1 

-61.029 

76.662 

1737.047 

3!  10 

29331 

-* 

-63.576 

75.427 

1736.560 

3111 

29331 

2 

-66.142 

73.926 

1736.856 

3112 

29331 

-68.154 

72 . 509 

1738.154 

3113 

29331 

-70.544 

70.446 

1738.165 

3114 

29331 

'4 

-72.769 

68.004 

1739.698 

3115 

29331 

< 

-75.304 

64.276 

1739.955 

3116 

29331 

-77.495 

59.726 

1738.545 

3117 

29331 

t 

-79.662 

53.008 

1739.765 

3118 

29331 

-81.774 

41.932 

1737.593 

3119 

29331 

i 

-83. 189 

27.709 

1742.259 

3120 

29331 

-5 

-84.094 

1.581 

1740.948 

3121 

29331 

! 

-83.704 

-23.272 

1738.007 

3122 

29331 

-82.409 

-41.790 

1737.128 

3123 

29331 

1 

-80.212 

-55.778 

1739.014 

3124 

29331 

1 

-77.356 

-65.117 

1739.253 

3125 

29331 

! 

-75.252 

-69.418 

1739.805 

3126 

29331 

| 

-72.591 

-73.275 

1739.314 

3127 

29331 

I 

-70.550 

-75.493 

1739.998 

3128 

29331 

| 

-68.063 

-77.630 

1740.080 

3129 

29331 

1 

-65.446 

-79.414 

1740.582 

3130 

29331 

-63.009 

-80.772 

1739.988 

3131 

29331 

31] 

-60.214 

-82.067 

1740.206 

3132 

29331 

1 

-57.746 

-83.035 

1738.560 

3133 

29331 

tj 

-54.901 

-83.996 

1737.718 

3134 

29331 

1 

-52.166 

-84.796 

1737.569 

3135 

29331 

-  i\ 

-49.647 

-85.448 

1737.172 

3136 

29331 

-46.898 

-86.085 

1737.634 

3137 

29331 

£ 

-44.430 

-86.602 

1738.633 

3138 

293' 1 

i 

-41.766 

-87.112 

1739.323 

3139 

29331 

■i 

-39.492 

-87.514 

1740.170 

3140 

29331 

1 

-37.140 

-87.903 

1740.982 

3141 

29331 

a. 

-34.119 

-88.367 

1738.057 

3142 

29331 

1 

52.379 

-85.003 

1737.349 

3061 

99911 

54.252 

-84.436 

1737. 152 

3062 

99911 

'i 

56.163 

-83.800 

1737.334 

3063 

99911 

1 

57.993 

-83. 127 

1736.213 

3064 

99911 

£ 

's-V 

59.392 

-82.562 

1737.296 

3065 

99911 

i 
■  ■- 

61.215 

-81.751 

1737.463 

3066 

99911 

ft 

62.733 

-80.997 

1737.172 

3067 

99911 

S 

■-« 

64.887 

-79.778 

1737.267 

3068 

99911 

67.109 

-78.288 

1737.478 

3069 

99911 

•S3 

T_ 

68.670 

-77.058 

1737.939 

3070 

99911 

1 

70.688 

-75.172 

1738.762 

3071 

99911 

'1 

72.531 

-73.059 

1739.139 

3072 

99911 

5 

/  <? 


LATITUDE 

(dec; 


74.194 
76.019 
78.288 
80.173 
82.019 
83.364 
83.842 
83.219 
81.558 
79.345 
77.070 
74.254 
71.479 
69.068 
66.522 
63.737 
60.965 
58.239 
55.742 
53.182 
50.455 
47.409 
44.400 
41.424 
38.595 
36.017 
33.470 
30.571 
28.381 
25.937 
23.329 
20.3S7 
17.767 
15 . i 29 
12.528 
10.177 
7.731 
5.373 
2.7S2 
-2.136 
-4.746 
-7.549 
-10.103 
-12.726 


LONGITUDE 

(dec;) 


RADIUS 

VECTOR 

(KM) 


MEASUREMENT 

NO. 


-70.713 

1738.361 

3073 

-67.442 

1739.733 

3074 

-61.771 

1738.521 

3075 

-54.617 

1737.802 

3076 

-42.8/19 

1737.740 

3077 

-25.163 

1737.505 

3078 

-1.303 

1738.722 

3079 

21.751 

1739.599 

3080 

40.238 

1739.419 

3081 

51.864 

1737.861 

3082 

58.  sn 

1738.754 

3083 

64.335 

1738-796 

3084 

68.036 

1738.901 

3085 

70.433 

1738.141 

3086 

72.425 

1739.756 

3087 

74.171 

1736.168 

3088 

75.586 

1736.536 

3089 

76.749 

1735.667 

3090 

77.663 

1736.239 

3091 

78.483 

1736.239 

3092 

79.254 

1735.228 

3093 

80.013 

1738.657 

3094 

80.6/9 

1738.422 

3095 

81.272 

1737.954 

3096 

81.786 

1739.283 

3097 

82.219 

1739.229 

3098 

82.619 

1737.355 

3099 

83.046 

1737.042 

3100 

83.351 

1736.248 

3101 

83.076 

1737.450 

3102 

84.008 

1737.274 

3103 

84.366 

1735.030 

3104 

84.674 

1735.317 

3105 

84.973 

1735.126 

3106 

85.260 

1735.225 

3107 

85.514 

1736.029 

3108 

85.774 

1736.404 

3109 

86.021 

1736.681 

3110 

86.291 

1733.686 

3111 

86.797 

1733.284 

3112 

87.066 

i 7 33. 590 

3113 

87.356 

1734.981 

3114 

87.623 

1738.714 

3115 

87.901 

1737.330 

3116 

PLATE 

NO. 


99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

99911 

9991! 

99911 

99911 

99911 

99911 


i,  <: 


JUt 


0V  - 


111-16 


